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filed November 23, 2001 , the disclosure of which is incorporated herein by reference 
in its entity. 

10 BACKGROUND OF THE INVENTION 
1. Field of the Invention 

jo* 

Q The present invention relates to a sensor for use in sample analysis and its 

.|] applications, and more particularly, to a surface plasmon resonance sensor and an 
j*2 imaging system based on the principle of the surface plasmon resonance sensor. 

15 S3 2. Description of the Related Art 

Lf! 

Surface plasmon is a quantized oscillation of free electrons that propagates 
Cj along the surface of a conductor such as a metal thin film. Surface plasmon is 
53 excited to cause resonance by an incident light beam entering a metal thin film 
£ through a dielectric medium such as a prism at an incident angle greater than a 
20 IV critical angle. This phenomenon is referred to as "surface plasmon resonance" 
(SPR). The incident angle of an incident light beam that causes resonance is very 
sensitive to changes in the refractive index of a material closest to the metal thin film. 
SPR sensors developed based upon the above principle have been widely used for 
quantification and qualification of a sample or measurement of a sample (thin film) 
25 thickness from changes in the refractive index of the sample displaced closest to the 
metal thin film. 

FIG. 1 shows a typical SPR sensor based on the Kretschmann configuration. 
Referring to FIG. 1, the SPR includes a unit U composed of a dielectric medium 10 
and a metal thin film 22 that induces SPR. A half-cylindrical or triangular prism 
30 made of transparent glass, such as BK7 and SF10, is often used for the dielectric 
medium 10. The metal thin film is formed of gold or silver with a thickness of 40-50 
nm. The unit U is supported by a rotary plate 50 capable of rotating around a fixed 
shaft. A sample 23 of interest to be measured for changes in its refractive index 
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within the surface plasmon field is brought into contact with the metal thin film 22 of 
the unit U. 

In FIG. 1, reference numeral 30 denotes a light source fixed to emit an 
incident light beam 31 toward the metal thin film 22, and reference numeral 40 
5 denotes a photodetector for measuring the intensity of the reflected light from the 
surface of the metal thin film 22. A monochromatic laser, a monochromic light 
emitting diode (LED), a white light source of multiple wavelengths, or a 
multiple-wavelength LED is often used as the light source 30. 

SPR occurs when the wave vector of the incident light beam 31 parallel to the 
10 surface of the metal thin film 22 is equal to the wave vector of the surface plasmon 
wave. Thus, the following formula (1) is satisfied: 



nsin$ „ = J— 1 - 2 - ...(1) 



15 ! - f| where n is the refractive index of the dielectric medium, 0 re is the resonance angle, 
O and Sj and s 2 are the dielectric constants of the metal thin film 22 and the sample 
q 23, respectively. 

A As is apparent from the formula (1 ) above, if the resonance angle d re is given, 

J5 the dielectric constant of the sample 23 can be calculated using the formula (1) and 
20 thus changes in the refractive index of the sample 23 or with respect to a reference 
sample can be observed. As a consequence, measurement of the thickness of the 
sample 23 if it is a thin film, or quantification and qualification of the sample adsorbed 
onto the metal thin film 22 can be implemented from the changes in the refractive 
index. 

25 Resonance angle 6 re can be measured using a variety of methods. 

First, the fact that the intensity of the reflected light (or reflectance) 39 has a 
minimal value when the metal thin film 22 is excited to induce SPR by the incident 
light beam 31 is used. In this method, the intensity of the reflected light (or 
reflectance) 39 is measured while changing the incident angle 9 of the incident light 

30 ■ beam 31 , and the resonance angle 6 re , the incident angle at which resonance 
occurs, is read from a plot of the intensity of the reflected light (or reflectance) 39 as 
a function of the incident angle 0 . The intensity of the reflected light (or 
reflectance) 39 is measured while rotating the rotary plate 50 to vary the incident 



angle 6 , in which a monochromic light source as the light source 30 and a prism 
with a constant refractive index as the dielectric medium 10 are used. 

In a second method, a wavelength where SPR occurs is found by emitting the 
incident light beam 30 at a fixed incident angle 6 using a white light source of 
5 multiple wavelengths as the light source 30. As a result, the resonance angle 9 re and 
resonance wavelength can be obtained simultaneously. 

In a third method, the resonance angle 9 re is measured by emitting a 
monochromic light from the light source 30 within the range of the incident angle to 
the center of the dielectric medium 10 and by receiving the light reflected from the 
10 surface of the metal thin film 22 with the same range of angles as the incident angle 
2? using a multi-channel photodetector, such as a photodiode array (PDA), as the 
O photodetector 40. This method is disclosed in U.S. Patent Nos. 4,889,427; 
!| 5,359,681 ; and 4,844,61 3. 

W The method of measuring the resonance angle 9 re using a monochromatic 

15 m light as in the first and third methods described above has about 10 times higher 
sensitivity than the second method using a white light source at a fixed incident 
angle. For this reason, the first and third methods have been used widely, and 

J products based on the third method are available from Biocore and Texas 
Instrument. 

m 

20 FIG. 2 shows reflectances as a function of the incident angle of light 

measured using the SRP sensor of FIG. 1 for samples of different refractive indices. 
In FIG. 2, (1) is for water, (2) is for a sample with a refractive index difference of 10" 6 
from water, and (3) is for a sample with a refractive index difference of 10" 3 from 
water. 

25 An inset for a portion A in FIG. 2 shows changes in resonance angle with 

respect to changes in the refractive index of samples. A change in resonance angle 
(A# ) by about 0.0001° occurs between samples (1) and (2) having a refractive index 
difference of 10~ 6 In measuring the resonance angle by the first and third methods 
described above, the rotary plate 50 used in the first method to vary the incident 

30 angle has an angular resolution limit of about 0.0001° and the photodetector 40 such 
as a PDA which spatially splits the light reflected within a predetermined range of 
angles has a resolution limit of about 0.0001 0 Thus, it is difficult for the SPR sensor 
with such a resolution limit to detect a minor change in refractive index less than 10" 6 
or equivalent physical quantities, for example, protein adsorbed onto the surface of a 



metal thin film in an amount of less than several picograms per 1 mm 2 . In addition, 
adsorption of a material having a molecular weight less than 200 cannot be detected. 

In the method of measuring reflectance at a fixed incident angle a, a change 
in reflectance (AR) for a refractive index difference of 10" 6 between samples is only 
5 0.03% at a=65.0304°. In consideration of the 0.2% resolution of a measuring 
system commonly used in the field, this method has a lower refractive index 
resolution than the methods for directly measuring the resonance angle. 

To address the limitations of the SPR sensor, a coupled plasmon-waveguide 
resonance (CPWR) sensor, as shown in FIG. 3, has been developed. In FIG. 3, the 
10 same elements as those in FIG. 1 are denoted by the same reference numerals as 
those in FIG. 1. 

P Referring to FIG. 1, the CPWR sensor with improved sensitivity is a 

% modification of the SPR sensor of FIG. 1 . The CPWR sensor, which is disclosed in 
.Q U.S. Patent No. 5,991,488, includes a dielectric thin film 60 between the metal thin 
15 q film 22 and the sample 23. The dielectric thin film 60 is formed as a single or 
multiple layers and acts as a waveguide. The dielectric thin film 60 is formed of a 
Q dielectric material, such as Si0 2 , Al 2 0 3 , Ti0 2 , MgF 2 , and ZnS, to a thickness of 
Q 400-800 nm. Unlike the SPR sensor where surface plasmon waves propagate 
£ along the surface of the metal thin film 22, the incident light beam 31 is coupled into 
20 m the surface plasmon mode between the surface of the metal thin film 22 and the 
dielectric thin film 60 deposited on the metal thin film 22 and propagates along the 
dielectric thin film 60. In the CPWR sensor having the configuration above, the 
CPWR or attenuated total reflection (ATR) leaky mode is observed at an angle 
smaller than the resonance angle of the SPR sensor. 
25 FIG. 4 shows reflectances as a function of the incident angle of light 

measured using the CPWR sensor of FIG. 3 for samples of different refractive 
indices. In FIG. 4, (1) is for water, (2) is for a sample with a refractive index 
difference of 1 0" 6 from water, and (3) is for a sample with a refractive index difference 
of 10~ 3 from water, as in FIG. 2. 
30 As shown in FIG. 4, the CPWR sensor has a narrower range of resonance 

angle than the SPR sensor. Thus, the CPWR sensor is expected to be able to 
easily measuring changes in resonance angle for the samples of different refractive 
indices, compared to the SPR sensor. Actually, the CPWR sensor can measure the 
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amount of protein adsorbed to a sample surface to a concentration of 0.5 pg/mm 2 
with 2-4 times improvement in resolution compared to the SPR sensor. 

As shown in an inset for a portion A in FIG. 4, a change in resonance angle 
(A0) by about 0.00008° occurs between samples (1) and (2) having a refractive 
5 index difference of 10" 5 . Because the CPWR sensor of FIG. 3 also has an angular 
resolution limit of about 0.0001°, there is a need to improve the resolution of 
refractive index by using the rotary plate 50 or a multi-channel photodetector, such 
as a PDA, as the photodetector 40, which is capable of improve the angular 
resolution. However, technical problems hinder use of this approach. Moreover, 
10 aside from technical difficulties, due to the high cost involved, this approach is not 
economically feasible. 



Jjj sensor of FIG. 4, a change in reflectance (Ml) for a refractive index difference of 10 

G ~ 6 between samples is about 0.56% at 3=61.5665°, which is greater than the 

15 q conventional SPR sensor. This result supports that the resolution of refractive index 

$ can be improved by increasing changes in reflectance with respect to incident angle 

Q variations, i.e., the slope of a curve of reflectance versus incident angle, by making 

% the range of resonance angle narrow. 



sensor. However, improving the resolution of refractive index by this method has 
limitations for the following reasons. 

FIG. 5A shows reflectances as a function of the incident angle measured 
using CPWRs having different dielectric film thicknesses. In FIG. 5A, (a), (b), and 
25 (c) are for the cases where the dielectric thin film, for example, formed of Ti02, has a 
thickness of 138 nm, 135 nm, and 133 nm, respectively. 

Referring to FIG. 5A, when the dielectric thin film is deposited to a thickness 
as small as 138 nm or less, the measurable range of reflectance becomes narrow, 
so it is difficult to select an appropriate incident angle. Finally, the width of 
30 resonance dip becomes partially broad at a dielectric film thickness of 133 nm. 
Therefore, improving the resolution of refractive index in the reflectance 
measurement method through the adjustment of dielectric film thickness is limited. 

FIG. 5B shows absorbances as a function of the incident angle of light 
measured using CPWRs having different dielectric film thicknesses. In FIG. 5B, (a), 



When reflectances are measured at a fixed incident angle p using the CPWR 




Theoretically, changes in reflectance with respect to incident angle variations 
can be increased by reducing the thickness of the dielectric thin film in the CPWR 
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(b), and (c) are for the cases where the dielectric thin film, for example, formed of 
Ti0 2) has a thickness of 138 nm, 135 nm, and 133 nm, respectively, as in FIG. 5A. 

As shown in FIG. 5B, the pattern of the absorbance curve is maintained at a 
reduced dielectric film thickness of 133 nm with a steep slope portion as indicated by 
5 "A". Therefore, a sensor with improved refractive index resolution can be 
implemented by measuring changes in absorbance, rather than reflectance, with 
respect to refractive index variations, at least within the range of the incident angle 
for the step slope portion "A". However, the absorbance of the metal thin film 
cannot be measured using the CPWR sensor having the above-described structure. 

10 

SUMMARY OF THE INVENTION 

!»* To solve the above-described problems, it is an objective of the present 

«=! invention to provide an active ion-doped waveguide-plasmon resonance (AID WPR) 
€j sensor with improved sensitivity over the conventional surface plasmon resonance 
15 |J (SPR) sensor and coupled plasmon-waveguide resonance (CPWR) sensor, and an 
J*:? imaging system based on the principle of the active ion-doped waveguide-plasmon 
■ resonance sensor. 

Ly To achieve the objective of the present invention, unlike the conventional SPR 

0 or CPWR sensor, which measures the resonance angle from the intensity of 
20 jjj reflected light (reflectance) received by a photodetector with angular resolution, such 

1 w as a photodiode array (PDA) or a photodetector which is supported by a rotary plate, 

a method of measuring the absorption of an incident light beam through surface 
plasmon resonance is used. The active ion-doped waveguide-plasmon resonance 
(AID WPR) according to the present invention is characterized in that it uses a 

25 dielectric thin film doped with active ions of an element or organic dye capable of 
fluorescing through absorption of an incident light beam, in proportional to the 
intensity of the absorbed light beam, and determines the absorption of the incident 
light beam from fluorescence variations of the active ions with improved refractive 
index resolution of samples. 

30 In particular, the AID WPR sensor according to the present invention includes 

a conductive thin film for providing surface plasmons and a dielectric medium 
disposed at one side of the conductive thin film. A light source emits an incident 
light beam to the conductive thin film through the dielectric medium. A dielectric 
thin film having a surface to which a sample is attached is deposited at the surface of 



the conductive thin film opposite to the dielectric medium. The dielectric thin film is 
doped with active ions capable of fluorescing by being excited by the incident light 
beam. A photodetector receives and measures the intensity of fluorescence from 
the active ions to determine variations in refractive index for a sample. 
5 Quantification and qualification of the sample or measurement of the thickness of the 
sample (if the sample is a thin film) can be achieved from the refractive index 
variations. 

Suitable photodetectors include a photodiode, a photomultiplier (PMT), a 
charge coupled device (CCD), and a photosensitive sheet. When the conductive 
10 thin film and the dielectric thin film are formed as arrays having a grid pattern, and a 
CCD or photosensitive sheet is used as the photoreceptor, an imaging system that 
\f images the sample with the contrast based upon fluorescence intensity variations 
q between each array can be implemented. 

jjj In the AID WPR sensor and the imaging system using the same according to 

15 hy the present invention, the dielectric medium may be formed as a trapezoidal prism, 
jjj and an optical filter or a lens may be further included. The trapezoidal prism is for 

■ directing the fluorescence in diverging directions toward the photodetector, and the 

Ct 

j?j optical filter enables the photodetector to receive pure light from the active ions by 

0 filtering out the wavelength of the incident light beam. The lens condenses the light 

iff 

20 q from the active ions toward the photodetector. 

Ill 

Preferably, the active ions are derived from one selected from the group 
consisting of transition metal, rare-earth element, and organic dye. Preferably, the 
active ions have the ability to fluoresce by emitting light of a shorter wavelength than 
the incident light beam through two-photon or three-photon absorption. Suitable 

25 active ions include Tm 3+ ions, Er 3+ ions, Yb 3+ ions, Ho 3+ -Yb 3+ composite ions, 
Tm 3+ -Yb 3+ composite ions, Er 3+ -Yb 3+ composite ions, and Tm 3+ -Nd 3+ composite ions. 
The wavelengths of the incident light beam and the light emitted from active ions are 
determined according to the type of active ions embedded in the dielectric thin film. 
Preferably, the dielectric thin film is formed to be thick enough to produce a 

30 coupled plasmon-waveguide resonance mode and attenuated total reflection leaky 
mode coupled to surface plasma resonance, for example, to have a thickness of 
100-700 nm. 



BRIEF DESCRIPTION OF THE DRAWINGS 



The above objective and advantages of the present invention will become 
more apparent by describing in detail preferred embodiments thereof with reference 
to the attached drawings in which: 

FIG. 1 shows the structure of a typical surface plasmon resonance (SPR) 
5 sensor; 

FIG. 2 shows reflectances as a function of the incident angle of light 
measured using the SRP sensor of FIG. 1 for the samples of different refractive 
indices; 

FIG. 3 shows the structure of a coupled plasmon-waveguide resonance 
10 (CPWR) sensor improved from the SPR sensor of FIG. 1 ; 

FIG. 4 shows reflectances as a function of the incident angle of light 
Mj measured using the CPWR sensor of FIG. 3 for the samples of different refractive 
jg indices; 

FIG. 5A shows reflectances as a function of the incident angle measured 
15 UJ using CPWRs having different dielectric film thicknesses; 

T| FIG. 5B shows absorbances as a function of the incident angle of light 

* m measured using CPWRs having different dielectric film thicknesses; 
i°3 FIG. 6 shows the structure of an active ion-doped waveguide-plasmon 

'9! resonance (AID WPR) sensor according to a preferred embodiment of the present 

20 Q invention; 

m 

FIG. 7 illustrates the energy levels and upconversion mechanism of Tm 3+ and 
Er 3+ ions; 

FIG. 8A shows the intensity of 350-nm fluorescence through upconversion of 
Tm 3+ ions with respect to incident angle variations for the samples of different 
25 refractive indices; 

FIG. 8B is an enlarged view of region A in FIG. 8A; 

FIG. 8C shows relative variations in the 350-nm fluorescence intensity of Tm 3+ 
at a fixed incident angle of 61 .52455° for the samples of different refractive indices; 

FIG. 9A shows the intensity of 550-nm fluorescence through upconversion of 
30 Er 3+ ions with respect to incident angle variations for the samples of different 
refractive indices; 

FIG. 9B is an enlarged view of region A in FIG. 9A; 
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FIG. 9C shows relative variations in the 550-nm fluorescence intensity of Er 3+ 
at a fixed incident angle of 61.5511° for the samples of different refractive indices; 
and 

FIG. 10 shows the structure of a preferred embodiment of an AID WPR 
5 imaging system according to the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention now will be described more fully with reference to the 
accompanying drawings, in which preferred embodiments of the invention are shown. 
10 This invention may, however, be embodied in many different forms and should not 
be construed as being limited to the embodiments set forth herein; rather, these 
Z embodiments are provided so that this disclosure will be thorough and complete, and 
0 will fully convey the concept of the invention to those skilled in the art. In the 

:.jf] 

p drawings, a variety of elements and regions are schematically illustrated and thus 
15 W the present invention is not limited by relative sizes and intervals in the drawings. It 
ijl is also noted that like reference numerals may be used to designate identical or 
% corresponding parts throughout the several views. 

Ui FIG. 6 shows the structure of an active ion-doped waveguide-plasmon 

O 

,£ resonance (AID WPR) sensor according to a preferred embodiment of the present 
20 5 invention. Referring to FIG. 6, the AID WPR sensor according to the preferred 
embodiment of the present invention includes a conductive thin film 122 for providing 
surface plasmon and a dielectric medium 110 disposed at one side of the conductive 
thin film 122. A light source 130 emits an incident light beam 131 to the conductive 
thin film 122 through the dielectric medium 110. A dielectric thin film 170 is 
25 deposited at the surface of the conductive thin film 122 opposite to the dielectric 
medium 110 and a sample 123 is brought into contact with the dielectric thin film 170. 
Active ions 171 capable of fluorescing by emitting light 139 by being excited with the 
incident light beam 131 is embedded in the dielectric thin film 170. A photodetector 
140 receives the light 139 from the active ions 171 and measures its intensity in 
30 order to measure changes in the refractive index of the sample 123, which enables 
quantification and qualification of the sample 123 or measurement of the thickness of 
the sample 123. 

The conductive thin film 122 may be one selected from the group consisting of 
gold (Au), silver (Ag), copper (Cu), silicon (Si), and germanium (Ge), and may have a 

9 



thickness of 35-50 nm. The conductive thin film 122 may be previously deposited 
on the bottom of the glass substrate 121 for installation into the AID WPR sensor 
according to the present invention. Preferably, a chromium (Cr) layer or titanium 
(Ti) layer (not shown) having a thickness of about 2-4 nm is deposited on the glass 

5 substrate 121 before deposition of the conductive layer 122 to improve adhesion 
between the glass substrate 121 and the conductive thin film 122. 

The dielectric medium 110 is formed on top of the glass substrate 121, 
preferably, with an index matching oil layer 120 between the dielectric medium and 
the glass substrate 121. Preferably, the dielectric medium 110 is formed as a 

10 trapezoidal prism for directing the light 139 in diverging directions to the 
photodetector 140. The incident light beam 131 propagates through the dielectric 
y, medium 110, the index matching oil layer 120, and the glass substrate 121 which 



have the same refractive index and is incident onto the surface of the conductive thin 



20 S invention, the incident light beam 131 is incident onto the conductive thin film 122 
through the dielectric medium 110, the index matching oil layer 120, and the glass 
substrate 121 at a particular incident angle 9 at which coupled plasmon-waveguide 
resonance (CPWR) occurs and then coupled to propagate into the dielectric thin film 
170, thereby exciting the active ions 171 embedded in the dielectric thin film 170. 
25 Then, the intensity of the light 139 emitted from the active ions 171 is measured. In 
FIG. 6, the light 130 appears to be emanating from the interface between the 
dielectric medium 110 and the index matching oil layer 120 for convenience. The 
intensity of the light 139 varies depending on the kind, amount, refractive index, and 
thickness (if the sample is a thin film) of the sample 123, and thus such properties of 
30 the sample 123 can be analyzed from the fluorescent intensity variations. 

It is preferable that the light source 130 emits a transverse magnetic (TM) 
polarized light or transverse electric (TE) polarized light. To enable emission of 
such a polarized light, the light source 130 is constructed of a light emitter and a 
polarization device (not shown). It is preferable that a light source capable of 




film 122 at an incident angle 6. 



The sample 123 can be gaseous, liquid, or solid. If the sample 123 is liquid, 
additional devices (not shown) such as a sample holder and a pump for sample 
circulating are required. However, if the sample 123 is solid, no additional device is 
required. 



In the preferred embodiment of the AID WPR sensor according to the present 
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emitting a monochromatic parallel light beam is selected as the light source 130. A 
typical example of the light source emitting a monochromic parallel light beam is a 
laser. The incident light beam 131 is incident onto the conductive thin film 122 at a 
fixed incident angle. Alternatively, the intensity of the light 139 can be measured 
5 while rotating the rotary plate 1 50 to vary the incident angle. 

A photodiode, photomultiplier (PMT), charge coupled device (CCD), or 
photosensitive sheet can be used as the photodetector 140. Preferably, the light 
139 is allowed to pass an optical filter 180 and a lens 190 before reaching the 
photodetector 140. The wavelength of the incident light beam 131 is filtered' off by 
10 the filter 180 and the light 139 passed through the filter 180 is condensed by the lens 
190 and received by the photodetector 140 with improved purity. 
, The dielectric thin film 170 may be one selected from the group consisting of 

0 Si0 2 layer, AI2O3 layer, TiC>2 layer, Ta 2 Os layer, MgF 2 layer, Y 2 0 3 layer, Te0 2 layer, 
!|j PbO layer, LaF3 layer, ZnS layer, ZnSe layer, Si3N4 layer, AIN layer, or a composite 
15 J?J layer of these layers. The active ions 171 embedded in the dielectric thin film 170 

"-sM 

O ma y be se l ecte d fr° m tne group consisting of transition metal, rare-earth element, 

iff 

** organic dye. The active ions 171 derived from, for example, a transition metal, 

O rare-earth element, and organic dye can emit the light 139 having a shorter 

lii 

0 wavelength than the incident light beam 131 by upconversion through two-photon or 
20 ;f? three-photon absorption. Thus, for example, if an infrared or red exciting light is 
py incident, a visible or UV ray having a shorter wavelength than the incident light beam 
can be emitted. 

The dielectric thin film 170 doped with the active ions 171 is deposited on the 
conductive thin film 122 as follows. When the active ions 171 of a rare-earth 

25 element or transition metal are used, the dielectric thin film 170 is deposited on the 
conductive thin film 122 by electron-beam vacuum evaporation or thermal 
evaporation. In this case, a precursor containing a desired active ion is required. 
When such a precursor is not commercially available, which is usually the case, a 
desired precursor is prepared for use by a sol-gel method and high-temperature 

30 sintering. When the active ions 170 derived from an organic dye is used, the 
precursor is prepared by a wet method such as a sol-gel method and then deposited 
on the conductive thin film 122 by dip coating or spin coating. 

As the thickness of the dielectric thin film 170 doped with the active ions 171 
is increased, the resonance angle becomes larger and goes beyond the observable 
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range of the conventional SPR sensor. As the thickness of the dielectric thin film 
170 is increased further, a CPWR or attenuated total reflection (ATR) leaky mode, 
i.e., TE or TM mode, appears depending on the polarization (TE- or TM-polarization) 
of the incident light beam 131. When a non-polarized light source is used, the TE 
5 mode and the TM mode appear alternately. The thickness of the dielectric thin film 
170 doped with the active ions 171 should be appropriately determined to enable 
propagation of both modes, for example, in the range of about 100-700 nm, 
depending on the wavelength of the incident light beam 131 and the refractive index 
of the dielectric thin film 1 70. 
10 Tm 3+ ions as an example of the active ions 171, have been of interest in 

, : research associated with infrared laser and UV upconversion light source. Also, 
Q this rare-earth element has recently been found to be available a source of active 
jj ions for a 1 .4|im-wavelength optical fiber amplifier and becomes more interesting in 
j 5 the field of optical communications. Another example of the active ions 171 is Er 3+ 
15 5 ions, which are derived from the most interesting rare-earth element used for 
erbium-doped fiber amplifiers (EDFAs) in the field of optical communications. In the 
C3 preferred embodiment of the AID WPR sensor according to the present invention, 
|| Yb 3+ ions, Ho 3+ -Yb 3+ composite ions, Tm 3+ -Yb 3+ composite ions, Er 3+ -Yb 3+ composite 
;j ions, and Tm 3+ -Nd 3+ composite ions, as well as Tm 3+ and Er 3+ ions can be used as 
20 jlf the active ions 1 71 . 

FIG. 7 illustrates the energy levels and upconversion mechanism of Tm 3+ and 
Er 3+ ions. In particular, for Tm 3+ indicated by "A" in FIG. 7, Tm 3+ is excited from the 
ground level, 3 H 6 energy level, to energy level 3 F 2 3 by absorption of a 650-nm 
incident light (Step 1). The excited Tm 3+ spends its intrinsic fluorescence lifetime in 
25 energy level 3 F 23 and decays to energy level 3 H 4 and 3 H 5 or 3 F 4 through 
radiative and non-radiative transitions. In Step 2, the Tm 3+ - at energy level 3 H 4 and 
3 H 5 or 3 F 4 is excited to energy level l G 4 or l D 2 by absorption of the 650-nm 
incident light and subsequently returns to the ground level 3 H S by spontaneous 
transition, emitting 480-nm blue light and 350-nm UV light, respectively. In Step 3, 
30 some electrons at energy level 'G 4 of Tm 3+ transit to energy level 3 H 4 directly or 
via the next lower energy level 3 F 23 and are then excited to energy level X D 2 by 
absorption of the 650-nm incident light, and return to the ground level, emitting 
350-nm UV light. 

In Step 2, the intensity of the fluorescence through two-photon absorption of 
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the incident light is proportional to the square of intensity of the incident light. In 
Step 3, the intensity of the fluorescence through three-photon absorption of the 
incident light is proportional to the cube of intensity of the incident light. The 
intensity of 350-nm UV emission caused by transition from energy level l D 2 to the 
5 ground level is proportional to the square of intensity of the incident light for a weak 
incident light beam and to the cube of intensity of the incident light for a strong 
incident light beam. When the fluorescence intensity of active ions varies in 
proportional to the square or the cube of the intensity of the incident light, the 
intensity of an incident light beam propagating the dielectric thin film 170 doped with 
10 Tm 3+ varies for changes in the refractive index of the sample 123, and the 
fluorescence intensity of the light 139 from Tm 3+ at a wavelength of 350 nm by 
upconversion varies in proportional to the square or the cube of intensity of the 
2 incident light beam 131. Therefore, variations in the fluorescence intensity of the 
J light 139 can be measured sensitively, even for a minor change in the refractive 
15 j*S index of the sample, with improved refractive index resolution. 

9 550-nm visible light can be emitted through two-photon upconversion of Er 3+ 

ions by excitation with an 800-nm incident light beam, as indicated by "B" in FIG. 7. 
{3 Er 3+ ions are excited from the ground state to energy level 4 I 9!2 by absorption of the 
Q 800-nm incident light beam. Embedded in most dielectric oxides having a high 
20 % fundamental vibration frequency, the Er 3+ ions nonradiatively transit to energy level 
rU 4 / 13/2 through multiphonon relaxation. The fluorescence lifetime of Er 3+ in energy 
level 4 / 13/2 is as long as several milliseconds so that the Er 3+ ions are excited to 
energy level 4 S V2 through secondary absorption or excited state absorption of the 
incident light beam and subsequently returns to the ground level by radiative 
25 transition, emitting 550-nm visible light. 

The wavelengths of the incident light beam 131 and the light 139 emitted from 
the active ions 171 are determined depending on the type of the active ions 171 
embedded in the dielectric thin film 170. As described above, when Tm 3+ ions are 
used as the active ions 171, a light beam of 650 nm is selected as the incident light 
30 beam 131 and thus 350-nm light is emitted. When Er 3+ ions are used as the active 
ions 171 and the wavelength of the incident light beam 131 is 800 nm, 550-nm light 
is emitted. When Yb 3+ ions are used as the active ions 171 and the wavelength of 
the incident light beam 131 is 980 nm, 480-nm light is emitted. When Ho 3+ -Yb 3+ 
composite ions are used as the active ions 171 and the wavelength of the incident 
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light beam 131 is 980 nm, 550-nm light is emitted. When Tm 3+ -Yb 3+ composite ions 
are used as the active ions 171 and the wavelength of the incident light beam 131 is 
980 nm, 480-nm light is emitted. When Er 3+ -Yb 3+ composite ions are used as the 
active ions 171 and the wavelength of the incident light beam 131 is 980 nm, 550-nm 
5 light is emitted. When Tm 3+ -Nd 3+ composite ions are used as the active ions 171 
and the wavelength of the incident light beam 131 is 800 nm, 480-nm light is emitted. 

FIG. 8A shows the intensity of fluorescence with respect to incident angle 
variations for the samples of different refractive indices when a 133-nm-thick TiC>2 
layer is used as the dielectric thin film 170, Tm 3+ ions are used as the active ions 171 , 
10 and 350-nm fluorescence through upconversion is induced with a 650-nm incident 
light beam. FIG. 8B is an enlarged view of region A in FIG. 8A. In FIGS. 8A and 
8B, (1) is for water, and (2), (3), (4), (5), (6), and (7) are for samples having a 
g refractive index difference of 10" 8 , 10" 7 , 10~ 6 , 10~ 5 , 10~ 4 , and 10~ 3 , respectively, with 
<£ respect to water (1). FIG. 8C shows relative variations in the 350-nm fluorescence 
15 jjj intensity of Tm 3+ at a fixed incident angle of 61 .5245° for samples (2) through (7) with 

w respect to water (1). For this measurement, a titanium layer having a thickness of 

ijl 

n about 2 nm was deposited on the glass substrate 121 and the conductive thin film 

f% 

122 having a thickness of 45 nm was formed of silver. 
© Referring to FIG. 8C, a variation of 0.8% in fluorescence intensity was 

20(5 observed for a minor refractive index variation of 10~ 8 . Considering the optical 
W signal resolution of a common photoreceptor is about 0.2%, it is evident that a minor 
change in reflective index can be detected using the AID WPR sensor according to 
the present invention. 

FIG. 9A shows the intensity of fluorescence with respect to incident angle 

25 variations for the samples of different refractive indices when a 183-nm-thick Ti0 2 
layer is used as the dielectric thin film 170, Er 3+ ions are used as the active ions 171 , 
and 550-nm fluorescence through upconversion is induced with an 800-nm incident 
light beam. FIG. 9B is an enlarged view of region B in FIG. 9A In FIGS. 9A and 
9B, (1) is for water, and (2), (3), (4), (5), and (6) are for samples having a refractive 

30 index difference of 10" 8 , 10" 7 , 10" 6 , 10" 5 , and 10" 4 , respectively, with respect to water 
(1). FIG. 9C shows relative variations in the 550-nm fluorescence intensity of Er 3+ 
at a fixed incident angle of 61 .551 1° for samples (2) through (6) with respect to water 
(1). For this measurement, a titanium layer having a thickness of about 2 nm was 
deposited on the glass substrate 121 and the conductive thin film 122 having a 
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thickness of 45 nm was formed of silver. 

Referring to FIG. 9C, a variation of 0.6% in fluorescence intensity was 
observed for a minor refractive index variation of 10~ 8 . Considering the optical 
signal resolution of a common photoreceptor is about 0.2%, it is evident that a minor 
5 change in reflective index can be detected using the AID WPR sensor according to 
the present invention. 

According to the present invention, upconversion of the active ions 171 is 
coupled with surface plasmon resonance upon excitation with the incident light beam 
131, thereby resulting in the light 139 of a shorter wavelength than the incident light 
10 beam 131. As a result, the fluorescence intensity of the active ions 171 is greatly 
varied according to changes in the incident angle of the incident light beam 131 with 
Q about 100 times greater sensitivity than the conventional SPR sensor. Therefore, a 
3 minor change in the refractive index of a sample, which cannot be detected using the 

0 conventional SPR sensor, or a trace adsorbed material can be quantitatively 

U) 

15© measured using the AID WPR sensor according to the present invention. 
lJ - FIG. 10 shows the structure of a preferred embodiment of an AID WPR 

Q imaging system according to the present invention. The AID WPR imaging system 

! jj 

S of FIG. 10 has a similar structure to the AID WPR sensor, but includes conductive 

'SOS? 

% film arrays 122a and dielectric film arrays 170a as a grid pattern. The AID WPR 
20]%! imaging system images the sample 123 disposed closest to the conductive film 
arrays 122a based on surface plasmon resonance. The principle of the AID WPR 
imaging system is the same as the AID WPR sensor and thus a detailed description 
of the principle will not be provided here. The AID WPR imaging system uses a 
charge coupled device (CCD) or a photosensitive sheet as the photodetector 140 
25 and images the sample 123 by detecting fluorescence intensities of the active ions 
172 from each conductive film array 122a. The sample 123 is imaged with the 
contrast based on fluorescence intensity variations between each conductive film 
array 122a. 

In the preferred embodiment of the AID WPR imaging system according to the 
30 present invention, the incident light beam 131 is incident onto the conductive thin 
array 122a through the dielectric medium 110, the index matching oil layer 120, and 
the glass substrate 121 at a particular incident angle 9 at which CPWR occurs and 
then coupled to propagate into the dielectric film array 170a, thereby exciting the 
active ions 171 embedded in the dielectric film array 170a. Then, the intensity of 
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the light 139 from the active ions 171 is measured. The intensity of the light 139 
varies depending on the amount of the sample 123 attached to the dielectric film 
array 170a, i.e., topology of the sample 123. Therefore, topology of the sample 123 
can be analyzed from fluorescent intensity variations and the sample 123 can be 
5 imaged with the contrast based on the fluorescent intensity variations. 

According to the present invention, upconversion of the active ions 171 
excited by the incident light beam 131 is coupled to surface plasmon resonance so 
that the light 139 of a shorter wavelength of the incident light beam 131 is emitted. 
The fluorescence intensity of the active ions 171 greatly varies according to changes 
10 in the incident angle of the incident light beam 131 in the imaging system according 
to the present invention and thus image data of the sample can be obtained with 
q sensitivity 10-100 times greater than the conventional SPR sensor based imaging 
Jjj system. 

O As is apparent from the embodiments described above, an AID WPR sensor 

15 p and an imaging system using the same according to the present invention include an 
yi additional dielectric thin film doped with active ions and acting as a waveguide on a 

Ej 

Q metal thin film and measure the intensity of fluorescence induced by upconversion of 

Sij 

5 K the active ions coupled to surface plasmon resonance at an appropriate incident 
angle of light. The AID WPR sensor and the imaging system according to the 

20 j>|f present invention can detect a minor refractive index variation of 10~ 8 , which could 
not be measured using a conventional SPR sensor, with 100 times larger refractive 
index resolution than the conventional SPR sensor. The AID WPR sensor and the 
imaging system according to the present invention can be applied to analyse 
molecules adsorbed onto a surface or a trace biological sample, without suffering the 

25 analytical limitations of the conventional SPR sensor, thereby leading to technical 
improvements in the biology and life science and engineering fields. 

While this invention has been particularly shown and described with reference 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 

30 spirit and scope of the invention as defined by the appended claims. 
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